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Abstract: An innovative technique to obtain high-surface-area
mesostructured carbon (2545 m2 g¢1) with significant micro-
porosity uses Teflon as the silica template removal agent. This
method not only shortens synthesis time by combining silica
removal and carbonization in a single step, but also assists in
ultrafast removal of the template (in 10 min) with complete
elimination of toxic HF usage. The obtained carbon material
(JNC-1) displays excellent CO2 capture ability (ca. 26.2 wt% at
0 88C under 0.88 bar CO2 pressure), which is twice that of CMK-
3 obtained by the HF etching method (13.0 wt %). JNC-
1 demonstrated higher H2 adsorption capacity (2.8 wt%)
compared to CMK-3 (1.2 wt %) at ¢196 88C under 1.0 bar H2

pressure. The bimodal pore architecture of JNC-1 led to
superior supercapacitor performance, with a specific capaci-
tance of 292 Fg¢1 and 182 F g¢1 at a drain rate of 1 A g¢1 and
50 A g¢1, respectively, in 1m H2SO4 compared to CMK-3 and
activated carbon.

Periodic mesoporous carbon[1, 2] materials have generated
a great deal of technological interest by virtue of their ability
to overcome the mass-transport limitations encountered in
their disordered counterparts[3] and thus play a significant role
in the area of catalysis (as a support),[4] Li-S batteries,[5] gas
separation and storage,[6, 7] and electric double-layer capaci-
tors (EDLC).[8] In contrast to disordered pore architectures,
ordered nanoporous structures provide shorter diffusion
pathways and minimal resistance to molecular motion,
which improves transport properties.[3] The more versatile
method to synthesize ordered mesoporous carbon materials
relies on the inverse replica strategy using ordered mesopo-
rous silica as a hard template and sucrose as the inexpensive
carbon precursor.[9] However, removal of the hard silica
template is a bottleneck to scale up the synthesis as it involves
the use of HF or repeated treatment with NaOH solution at
elevated temperatures.[9] HF is highly toxic[10] and its use is

highly discouraged in many countries, while NaOH treatment
is time consuming, corrosive, and not-cost effective as it has to
be operated at elevated temperatures.[11] Furthermore, the
surface area of the ordered mesoporous carbon obtained
through the hard-template method is very moderate in
comparison to many high-surface-area disordered car-
bons.[12, 13] Though a silica-free strategy to prepare mesopo-
rous carbon was reported as an alternate method, it involves
usage of corrosive and expensive carbon precursors such as
phenol and formaldehyde with a polymeric template such as
F127.[14] Furthermore, it suffers from significant amount of
structural shrinkage during the carbonization process, result-
ing in low surface areas, smaller pore sizes, and reduced pore
volume.[15] Thus, a simple and less hazardous approach to
remove silica without the direct use of HF is much needed to
make the silica template strategy as a successful method to
prepare high-surface-area mesostructured carbon.

Herein, an innovative way of using Teflon powder instead
of HF to etch out the silica is described in which the separate ,
carbonization, and silica removal are combined into one step
(Scheme 1). The silica removal using Teflon is very straight-
forward, easy to handle (simply mixing the Teflon powder and
the sample before carbonization), and extremely fast (silica
removal is complete within 10 min). More importantly, the
carbon thus obtained retains its mesoscale order and shows

Scheme 1. Comparison of the conventional synthesis of CMK-3 with
that of JNC-1.
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a very high surface area, which is more than two times higher
than the carbon prepared by the HF etching method
(Scheme 1). The obtained ordered nanoporous carbon
(JNC-1) shows remarkable performance for CO2 capture,
hydrogen storage, and dye adsorption in comparison to HF
etched CMK-3 carbon. It also exhibits superior performance
as a supercapacitor material.

Carbonization of SBA-PC at higher temperature followed
by etching of silica with corrosive HF gives CMK-3 carbon
(Scheme 1; Supporting Information, Figure S3), an inverse
replica of SBA[16] (Supporting Information, Figure S2). In
a significant deviation from the conventional two-step process
we simply mixed the SBA-PC with Teflon powder and heated
to 900 88C for 4 h (Scheme 1) in Ar. The process combines the
carbonization and silica removal in a single step with
complete elimination of toxic HF usage. The carbon replica
of SBA thus obtained is named JNC-1 (Scheme 1, Figure 1a;
Supporting Information, Figure S4). Mesostructured carbon

CMK-3 was also made from the same SBA-PC through the
standard two-step process involving carbonization at high
temperature (900 88C for 4 h) followed by HF etching (12 h at
room temp) (Supporting Information, Figure S3) of silica for
comparison as reported by Jun et al.[9]

The powder X-ray diffraction (PXRD) pattern of SBA
(Figure 1b) shows characteristic low-angle peaks for meso-
structured materials having a p6mm honeycomb lattice
symmetry.[17] JNC-1 exhibits well-resolved low-angle peaks,
as that of CMK-3 (Figure 1 b), which can be indexed as (100),
(110), and (200) indicating faithful negative replication of
mesostructural ordering of parent SBA.[9] Wide-angle PXRD
pattern of JNC-1 (Supporting Information, Figure S5)
showed broad diffraction peaks around 2288 and 4388 (2q),

indicating amorphous nature of the carbon walls,[18] similar to
that of activated carbon (AC) and CMK-3, which was further
confirmed by the observation of higher intensity D band (ID)
compared to the G band (IG) in the Raman spectra
(Supporting Information, Figure S6).[19] The absence of a Si
peak in energy-dispersive X-ray spectroscopy (EDS) analyses
of JNC-1 carbon shows the complete removal of silica
template (Supporting Information, Figure S7a). A transmis-
sion electron microscope (TEM) image of JNC-1 (Figure 1 a)
indicates well-aligned mesochannels similar to that of CMK-3
(Supporting Information, Figure S3), the exact negative
replica of SBA-15 (Supporting Information, Figure S2). N2

adsorption–desorption isotherms of SBA (Figure 1c) exhibit
type IV behavior characteristic of mesoporous materials[20]

with a capillary condensation at around P/Po of 0.75. The
surface area of JNC-1 was found to be around 2545 m2 g¢1,
which is twice to that of CMK-3 (1205 m2 g¢1; Supporting
Information, Table S2). It must be mentioned that the
standard BET method for the calculation of surface area of
micro-mesostructured materials is not applicable here and
hence the criteria suggested by Rouquerol et al.[21] has been
used for the calculation of surface areas (Supporting Infor-
mation, Figure S8). Hysteresis loops of JNC-1 and CMK-3
(Figure 1c) exhibit H2 type characteristics with the effect
being more pronounced for JNC-1, indicating the presence of
significant amount of micropores.[9] Pore size distribution of
SBA (Figure 1d) was calculated by NLDFT method whereas
QSDFT was implemented for the calculation of pore sizes for
JNC-1 and CMK-3 (Figure 1d), as it takes into account the
nature of surface geometrical heterogeneity than merely
treating the walls as a featureless plane surface as in NLDFT
and hence is more accurate.[22] In contrast to CMK-3, JNC-
1 shows bimodal pore-size distribution (Figure 1d) having
meso- and micropores with average pore diameters centered
at 4.7 nm and 0.9 nm, respectively. As compared to CMK-3,
JNC-1 shows significant amount of micropores indicated by
very sharp N2 uptake at very low pressure (Figure 1c) owing
to the presence of abundant micropores of sizes about 0.9 nm
(Figure 1d). The t-plot analyses[23, 24] of JNC-1 indicate the
presence of considerable fraction of microporous surface area
(1012 m2 g¢1; Supporting Information, Table S2) and micro-
pore volume (0.43 cc g¢1) as compared to CMK-3 (370 m2 g¢1,
0.16 cc g¢1; Supporting Information, Table S2). Furthermore,
micropore analyses of JNC-1 and CMK-3 via CO2 sorption at
0 88C indicate the presence of significant amount of micropores
with a pore size of circa 0.8 nm in the former (Supporting
Information, Figure S9).

Control experiments of silica (SBA) performed with
Teflon and polyvinylidene fluoride (PVDF) suggests that
silica removal occurs through the formation of SiF4 by
reaction of silica with in situ generated HF in the presence
of partially polymerized sucrose carbon (see the Supporting
Information, Figure S10–S12 and discussions therein).[25]

Thermogravimetric analysis (TGA) shows that Teflon starts
to decompose in an inert environment (N2) at 450 88C and
completes at 560 88C (Supporting Information, Figure S10b).[26]

When SBA-PC was mixed with Teflon and heated at 650 88C
(with a heating rate 5 88C min¢1 from room temperature) in Ar
for 10 min, entire silica was removed as evident from EDS

Figure 1. a) TEM image of JNC-1. b) PXRD patterns, c) N2 adsorption
(closed symbols)–desorption isotherms (open symbols) and d) corre-
sponding pore size distributions (normalized, calculated using
NLDFT/QSDFT method) of SBA, CMK-3, and JNC-1.
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analyses (Supporting Information, Figure S13a). Further-
more, the obtained material (JNC650) shows 13 wt % oxygen
content (Supporting Information, Figure S13a), due to incom-
plete carbonization as compared to 3 wt % oxygen obtained
for JNC-1 (Supporting Information, Figure S7a). PXRD
pattern of JNC650 (Supporting Information, Figure S14) also
exhibits the low angle peaks corresponding to the mesoscale
ordering. This suggests that the mesostructure is preserved,
notwithstanding the silica removal even before complete
carbonization occurs (Supporting Information, Figur-
es S16,S17). The specific surface area is 1204 m2 g¢1, which
is equivalent to CMK-3 as well as the mesoporous carbon
(1184 m2 g¢1) obtained through similar carbonizing condition
(650 88C–10 min) but with HF etching (CMK650 ; Supporting
Information, Table S3 and Figure S15). Interestingly, subse-
quent heating of the silica free JNC650 and CMK650 in Ar at
900 88C for 4 h, referred to as JNC650-900 and CMK650-900
respectively, showed notable improvement in their surface
areas (2459 m2 g¢1 for JNC650-900 and 2113 m2 g¢1 for CMK650-
900) and total pore volume (Supporting Information,
Table S3, Figures S16–S19), which is possibly due to the
creation of additional pores by the removal of volatile
oxygen-containing moieties upon further pyrolysis.[27, 28] Mes-
oscale ordering of JNC650-900 and CMK650-900 was confirmed
by low-angle PXRD peaks (Supporting Information, Figur-
es S14,S15). This is in contrast to the relatively low surface
area obtained for CMK-3 (Supporting Information,
Table S2), where the silica was removed after the SBA-PC
composite was carbonized at 900 88C for 4 h. The CMK-3
heated again in argon atmosphere at 900 88C for 4 h (CMK-3-
900) gives a significant increase in surface area to 2548 m2 g¢1

(Supporting Information, Table S4, Figures S20, S21). This
clearly suggests that presence of silica impede the develop-
ment of micropores by forming stable silica–carbon interface,
thus inhibiting the thermal decomposition of surface carbon
at 900 88C, which was facilitated when the silica free carbons
(CMK-3, JNC650 and CMK650) were heated at 900 88C in Ar for
4 h. When SBA-PC composite is mixed with Teflon and slowly
heated in an argon environment, simultaneous carbonization
and silica removal occurs within 650 88C, and further raise in
temperature expedites the removal of volatile oxygenated
moieties[27, 28] and hence the formation of micropores, leading
to a high-surface-area ordered carbon structure in a single
step. In the case of CMK-3, the presence of a silica–carbon
interface during carbonization (at 900 88C) inhibits such
a mechanism, resulting in a relatively low surface area. The
carbon replica (JNC-2) obtained through the analogous
procedure using mesoporous silica KIT-6[29] template also
shows high surface area when the silica was removed by
Teflon (Supporting Information, Figures S22–S26 and
Table S5).

The influence of bimodal (micro-meso) pore-size distri-
bution of JNC-1 on the sorption behavior of organic
pollutants was investigated using two synthetic azo dyes of
different sizes (Alizarin Yellow, size 1.3 nm and Congo Red,
size ca. 2.6 nm).[30] The sorption performance of JNC-1 was
compared with the CMK-3 (mesoporous) and activated
carbon (AC).Liquid phase dye adsorption studies indicate
very high uptake of Congo red and Alizarin yellow over JNC-

1 in comparison to CMK-3 and AC (Figure 2a–c; Supporting
Information, Figure S27). Such a superior dye uptake of JNC-
1 can be explained by bimodal pore size distribution in JNC-1,
avoiding mass-transfer limitations encountered in narrow
micropores and a high surface area.

Furthermore, carbon dioxide and hydrogen sorption
measurements were performed to evaluate the gas storage
properties of JNC-1 on account of the bimodal pore size
distribution. The uptake of CO2 and H2 in lightweight, porous
carbon materials is all the more important as the former
(CO2) being a greenhouse gas needs to be sequestered from
the air or industry effluents and the latter (H2) is an important
source for clean energy but needs to be stored in a material
for the safe and efficient usage. JNC-1 showed a very high
uptake for CO2 of around 154 wt % at ¢78 88C (0.88 bar) as
compared to 73 wt % over CMK-3 under similar conditions
(Figure 3b). Even at 0 88C and 25 88C (under 0.88 bar of CO2

pressure) the CO2 sorption on JNC-1 was found to be around
26 wt % and 15 wt% respectively (Figure 3c), which are
significantly higher than those of CMK-3, whose sorption
capacity were determined to be 13 wt % and 7 wt% at 0 88C
and 25 88C, respectively (Figure 3d). Such exceptional CO2

uptake (Supporting Information, Table S6) can be attributed
to unique textural parameters of JNC-1.[31] The uptake for
CO2 at 25 88C (1 bar) over JNC-1 remains the same even after
10 cycles (Supporting Information, Figure S28). The selectiv-
ity for CO2/N2 separation (calculated from ratio of initial
slopes) over JNC-1 at 25 88C was found to be about 7 compared
to 6 of CMK-3 and can be attributed to the presence of
abundant micropores (Supporting Information, Figure S29)
in the former.[6, 32,33] Hydrogen uptake (2.8 wt %) of JNC-1 at

Figure 2. Adsorption isotherms of a) Alizarin yellow and b) Congo red
over JNC-1, CMK-3, and AC. c) Optical images of Congo red adsorp-
tion by different carbon materials (concentrations at the top of
Figure 2c are initial concentrations with an equal amount of different
adsorbents added in each case).
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¢196 88C (1.0 atm; Figure 3a) was also found to be higher than
that of CMK-3 (1.2 wt %; Figure 3a; Supporting Information,
Table S7) and is completely reversible throughout the pres-
sure range studied. The presence of huge amount of micro-
pores (40%) having a size of about 0.9 nm is within the
accepted range of optimum micropore diameter for hydrogen
storage (that is, between 0.5–1.5 nm) and contributes as sites
of high energy of adsorption, thereby maximizing the
uptake.[34,35] On the other hand, CMK-3 obtained through
HF etching shows negligible H2 uptake due to lack of
enhanced microporosity.[36]

Electrochemical performances of JNC-1, CMK-3, and AC
were evaluated through cyclic voltammetry (CV), galvano-
static charge/discharge (CD), and electrochemical impedance
spectroscopy (EIS) studies using a typical three-electrode
setup. The CV curve of JNC-1 is pseudo rectangular in shape
(Figure 4a), indicating a capacitive type of behavior at the
scan rate of 100 mVs¢1. As the scan rate is increased up to
2 V s¢1, cyclic voltammograms still retain the rectangular
shape (Supporting Information, Figure S30), indicating fast
charge–discharge and the high power capability of the JNC-
1.[37] The galvanostatic CD curve of JNC-1 is triangular in
nature (Figure 4b), which further confirms efficient ion
transport without significant IR drop. The JNC-1 carbon
exhibited specific capacitance of around 274 Fg¢1 at 1 Ag¢1

and value was retained till several cycles as compared to
132 Fg¢1 and 49 Fg¢1 for CMK-3 and AC, respectively, at the
same current density (Supporting Information, Figure S31).
In fact, in one of the batches, a specific capacitance value of
292 Fg¢1 at 1 Ag¢1 (Figure 4c) was found and is one of the
best reported values for pure carbon based materials (Sup-
porting Information, Table S8).[38, 39] Additionally, JNC-
1 exhibits excellent cyclic stability over studied 1200 cycles

at 10 Ag¢1, retaining 98% of the original capacity (Support-
ing Information, Figure S32). The rate capability performance
of JNC-1 indicate a retention of specific capacitance of
around 213 Fg¢1 and 180 Fg¢1 at 10 Ag¢1 and 50 Ag¢1,
respectively (Figure 4c). To the best of our knowledge these
values are one of the highest at such high drain rates for pure
carbon-based materials.[38,39] In comparison to CMK-3 and
AC, a Nyquist plot of JNC-1 is almost vertical to the
imaginary axis (Figure 4d), signifying the performance tend-
ing to that of an ideal capacitor, as ion migration are not
hindered.[40] Mesopores help in attaining high capacitance
values at a higher drain rate by the rapid supply of ions to the
active electrode interface, which is not possible in a purely
microporous sample on account of the limited space available
for ion transport. Such performance metrics can be traced
back to highly connected bimodal pore size distribution of
JNC-1, exhibiting a synergistic effect of facilitating efficient
charge transfer (mesopores) process and enhanced electric
double-layer formation (micropores).[12, 37] In other words, the
presence of huge amount micropores in JNC-1 contribute
towards high-energy density, and an equally large extent of
mesopores aid towards enhanced power density.[12, 37]

In conclusion, use of Teflon not only eliminates the
handling of toxic HF or repeated NaOH washes but also
drastically reduces the time required for mesopore carbon
generation, as it combines the carbonization and template
removal step as a single step. Moreover, the obtained carbon
material, JNC-1, exhibits superior supercapacitor perfor-
mance, and the capacitance values are one of the highest
reported for such ordered carbon materials at such a higher
drain rate. Furthermore, JNC-1 exhibits excellent dye
adsorption and exceptional gas storage properties (H2 and

Figure 3. a) H2 and b) CO2 adsorption isotherms of JNC-1 and CMK-3
at ¢196 88C and ¢78 88C, respectively. c),d) CO2 adsorption isotherms
(at 0 88C and 25 88C) along with N2 adsorption isotherm (at 25 88C) of
c) JNC-1 and d) CMK-3. (Note: closed and open symbols represent
adsorption and desorption points. Po for N2 and CO2 isotherms is
taken as 660 torr (0.88 bar) whereas for H2 it is 760 torr (1.01 bar)).

Figure 4. Comparison of electrochemical performances of JNC-1 with
CMK-3 and AC. a) Cyclic voltammetry (CV) curves (scan rate:
100 mVs¢1) and b) galvanostatic charge–discharge (CD) profiles at
a current density of 1 Ag¢1 of JNC-1, CMK-3, and AC in 1m H2SO4.
c) Rate capability performance of JNC-1 and d) Nyquist plot of differ-
ent carbon materials studied, depicting an ideal capacitor type of
behavior for JNC-1.
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CO2) compared to CMK-3, which is comparable to most of
the best reported MOFs.
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